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Thermal  energy  storage  and  conversion  aims  to  improve  the  high  inefficiency  of  the  industrial 
processes  and  renewable  energy  systems  (supply  versus  demand).  Chemical  sorption  processes  and 
chemical  reactions  based  on  solid-gas  systems  are  a  promising  way  to  store  and  convert  thermal 
energy  for  heating  or  cooling  applications  and,  thereby  to  increase  the  efficiency  of  the  processes  and  to 
reduce  the  greenhouse  effect.  Although  more  efforts  are  required  to  bring  this  technology  to  the 
market,  some  important  breakthrough  have  been  made  regarding  to  system  efficiency.  Over  the  last 
two  decades,  the  experimental  research  in  this  field  has  increased  largely  to  validate  these  advances 
under  practical  conditions.  Therefore,  this  paper  gives  a  state-of-art  review  of  performances  obtained 
under  practical  conditions  by  the  different  prototypes  built  over  the  last  two  decades.  In  addition,  the 
main  advantages  and  disadvantages  of  solid-gas  chemical  sorption  processes  and  chemical  reactions 
are  summarized. 
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1.  Introduction 

The  increased  demand  for  energy,  the  rise  in  the  price  of  fuel 
associated  with  the  depletion  of  fossil  fuels,  and  the  growth  of 
C02  emissions  all  require  the  development  of  more  energy- 
efficient  processes  and  a  shift  from  non-renewable  energy  sources 
to  renewable  energy  sources.  In  this  sense,  thermal  energy 
storage  and  conversion  (TESC)  can  increase  the  thermal  energy 
efficiency  of  a  process  by  reusing  the  waste  heat  from  industrial 
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Nomenclature 

T 

temperature  (°C) 

COA 

coefficient  of  amplification 

Subscripts 

COP 

coefficient  of  performance 

COPA 

combined  coefficient  of  performance  and  amplification 

c 

cooling 

AH 

Enthalpy  change  (J  mol~ 1 ) 

d 

driving 

AS 

Entropy  change  (J  mol~'  K_1) 

eq 

equilibrium 

P 

pressure  (Pa) 

h 

high 

R 

gas  constant  (J  mol-1  K_1) 

1 

low 

SCP 

specific  cooling  power  (W  kg-1) 

m 

medium 

SHP 

specific  heating  power  (W  kg-1) 

processes,  solar  energy  or  other  sources.  Furthermore,  considering 
that  in  2004  the  heating  and  cooling  demands  of  the  industrial, 
commercial  and  domestic  sector  accounted  for  between  40-50  % 
of  the  total  global  320  EJ  (7,639  Mtoe)  final  energy  demand  [1], 
TESC  could  contribute  to  substantial  energy  savings  and  a  reduc¬ 
tion  in  C02  emissions  [2], 

Heat  is  the  form  of  energy  most  widely  used  in  industry  and 
power  plants  for  driving  the  processes  or  producing  electricity, 
either  through  steam  or  in  fired  furnaces.  As  a  consequence  of  the 
work  produced,  most  of  this  heat  is  degraded  to  a  lower  level  and 
is  released  to  the  environment  through  cooling  water,  cooling 
towers,  flue  gases  or  other  means  (Fig.  1).  This  waste  heat  is  left 
unused  due  to  its  relatively  low  grade.  TESC  not  only  allows  the 
waste  heat  to  be  re-used,  it  also  allows  the  heat  to  be  upgraded  by 
means  of  a  chemical  heat  pump.  Furthermore,  when  the  thermal 
demand  is  located  at  a  distance  from  the  supply,  this  heat  could 
be  transported  [4], 

Even  in  diesel  or  gasoline  engines,  TESC  can  be  used  to  recover 
the  waste  heat  lost  through  the  radiator  or  the  exhaust.  For 
instance,  in  vehicles  this  waste  heat  accounts  for  60  %  of  the  fuel 
energy  [5],  In  fact,  only  20  %  of  fuel  energy  is  used  to  power  the 
vehicle.  Therefore,  recovering  this  heat  and  reusing  it  for  heating 
or  cooling  applications  would  significantly  increase  the  efficiency 
of  the  engine. 

TESC  may  also  be  able  to  increase  the  potential  of  solar  energy. 
It  can  be  used  to  eliminate  the  time  gap  between  energy  supply  and 
energy  demand.  This  is  between  seasons,  between  day-time  and 
night-time  or  even  between  sunny  and  cloudy  days.  For  instance,  for 
space  heating  and  domestic  hot  water  in  households  and  offices,  the 
surplus  of  energy  generated  during  the  summer  period  could  be 


stored  and  used  in  the  winter,  when  the  demand  exceeds  the  solar 
supply  [6,7],  or,  in  a  solar  power  plant,  the  surplus  of  thermal  energy 
generated  during  the  day  could  be  stored  and  used  at  night  or  on 
cloudy  days  to  produce  electricity  [8,9]. 

There  are  several  ways  to  store  thermal  energy  [10]  by  sensible 
heat  [11],  by  latent  heat  [12],  by  sorption  process  (physical  or 
chemical)  or  by  chemical  reactions.  Of  all  these  ways,  chemical 
sorption  processes  (chemisorption)  and  chemical  reactions  based  on 
solid-gas  systems  show  the  highest  potential  for  energy  savings  and 
C02  emissions  reduction.  In  both  cases,  heat  is  not  stored  directly  as 
sensible  or  latent  heat  but  by  way  of  a  reversible  chemical  process  or 
reaction  which  is  usually  carried  out  in  a  chemical  heat  pump  (CHP) 
system  (closed  systems). 

S'  +  HEAToS+G 


The  basic  CHP  system  comprises  a  solid-gas  reactor  coupled 
with  a  condenser/evaporator.  The  working  principle  is  illustrated  in 
Fig.  2  in  a  Clausius-Clapeyron's  diagram,  wherein  the  solid-gas  (S/G) 
and  liquid-gas  (L/G)  equilibrium  lines  are  given  by  the  equation: 


ln(Peq)  = 


AH  AS 
RT+~R 


The  chemical  heat  pump  system  operates  in  two  successive 
phases  (thermal  conversion)  or  with  a  time  gap  (thermal  storage 
mode):  charging  phase  (also  named  regeneration,  decomposition  or 
desorption)  and  discharging  phase  (also  named  production,  synthesis 
or  sorption).  The  charging  phase  occurs  at  high  pressure  (Ph). 
Heat  at  high  temperature  (Th)  is  supplied  to  the  reactor  and  the 
solid  (S’)  decomposes.  The  gas  (G)  released  from  the  decomposition 


Fig.  1.  Energy  flows  (TWh)  in  the  global  electricity  system  [3], 
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is  condensed  by  rejecting  heat  from  the  condenser  at  medium 
temperature  (Tm).  By  contrast  the  discharging  phase  (reverse  phase) 
occurs  at  low  pressure  (P^.  The  liquid  evaporates  by  absorbing  heat 
at  low  temperature  (TO  and  the  synthesis  heat  is  released  at  Tm. 
In  both  phases  the  synthesis  and  decomposition  occurs  when  the 
salt  is  removed  from  its  equilibrium  of  temperature  (equilibrium 
temperature  drop,  AT)  and  pressure  (equilibrium  pressure  drop,  AP) 
for  heat  and  mass  transfer  [13-16]. 

The  basic  cycle  shown  in  Fig.  2  can  be  used  to  produce 
refrigeration  at  T)  and/or  to  produce  heat  at  Tm.  However  the 
two  phases  can  be  interchanged  to  operate  the  cycle  as  a  heat 
transformer  and  thus  upgrade  heat  from  Tm  to  Th.  In  this  case  the 
charging  phase  occurs  at  low  pressure  (Pi)  and  the  discharging 
phase  occurs  at  high  pressure  (Ph).  Furthermore,  in  CHP  systems 
that  implies  the  use  of  non-condensable  gases  or  that  uses  a 
condensable  gas,  but  where  the  safety  problem  regarding  the  high 
pressure  becomes  an  issue  (legislators),  the  evaporator/condenser 
is  replaced  by  another  reactor  [17-19].  In  sorption  processes,  the 


CHP  systems  using  two  reactors  are  also  known  as  resorption 
systems. 

The  advantages  of  chemical  sorption  processes  and  chemical 
reactions  lie  in  the  fact  that  they  offer  high  energy  density  to  the 
materials  involved  (important  when  the  volume  is  limited),  can 
cover  a  wide  range  of  working  temperatures  (from  -50  to  over 
1000  °C),  and  allow  for  long-term  storage  due  to  the  negligible 
heat  loss.  Moreover,  sorption  and  chemical  heat  pumps  or  heat 
transformers  have  several  advantages  to  that  of  traditional  vapor- 
compression  heat  pumps  (mechanical  energy).  In  addition  to  the 
benefit  of  being  driven  by  waste  heat,  they  utilize  refrigerants 
with  zero  ozone  depletion  and  global  warming  potentials,  i.e.  no 
chlorofluorocarbons  (CFC)  and  hydrochlorofluorocarbons  (HCFC), 
they  are  noise  and  vibration  free,  and  long  lasting  [17,20]. 

The  aim  of  this  paper  is  to  provide  a  state-of-the-art  review  of 
the  experimental  research  on  sorption  processes  and  chemical 
reactions  based  on  solid-gas  systems  over  the  last  two  decades. 
The  paper  gives  the  performances  of  the  current  materials  in 
small  and  pilot  scale  test  rigs  under  practical  conditions. 


2.  Sorption  processes 

2.1.  Description 

The  theory  of  how  sorption  processes  work  can  be  found  in  [21]. 
So  far  the  chemical  sorption  processes  studied  are  those  between 
metal  salts  with  water,  ammonia,  methanol  or  methyl-ammonia  as 
well  as  metal  alloys  with  hydrogen.  Although,  the  processes  involving 
methanol  or  methyl-ammonia  have  not  yet  been  tested  in  prototypes 
under  practical  conditions.  These  processes  are  used  to  store  low 
grade  heat  (  <  100  °C)  and  medium  grade  heat  (100-400  °C).  Sorption 
enthalpy  are  typically  in  the  range  from  20  to  70kjmol  Fig.  3 
summarizes  the  reactants  tested  in  prototypes  (test  rig)  under 
practical  conditions  for  the  last  two  decades. 


REACTANTS 


SORPTION  PROCESSES 


CHEMICAL  REACTIONS 


AMMONIATES 

HYDRATES 

METAL  HYDRIDES 

HYDRATION 

CARBONATION 

BaCI2 

MgS04 

MnCl2 

Ai2(so4)3 

NiCI2 

CaCI2 

MgCI2 

MgCI2 

PbCI2 

NaS 

CaCI2 

SrBr2 

SrCI2 

MnCI2 

C0CI2 

NH4CI2 

NaBr 

Zr0.g  Ti0.iCr0.6Fei.4 
Zro9Tio.1Cro.6Fe1 1 
LaNi4.6Mno.3Alo.i 
La0.6Yo.4Ni4.8Mn0.2 
MmNi4.5Alo5 
ZrMnFe 
LaNi4.7Alo.3 
MmNi4.15Feo.85 
LmNi4.85Sno.15 
LmNi4.49Co01Mn0205AI0.205 
Lm  N  i4.08Coo.2M  n0.62Alo.i 
MmNi4.15Feo.85 
LaNi4.s5AI0.15 

Ti0.99Zr0.0iV0.43Fe0.09Cr0.05Mn  15 
Lao.555COo.03Pro.i2Ndo.295Ni5 

LaNi4.6Alo4 

LaNi4.1AI0.52Mn0.38 

LmNi4.91Sno.15 

LaNi4.6iMno.26Alo.13 

LaNi5 

LaNi4.3Alo4Mno3 

LaNi4.4Alo.34Mno.26 

LaNi4.5Alo.29Mno.21 

LaNi4.7Sno.3 

LaNi4.75Alo,25 

Tlo.98 


MgO 

PbO 

CaO 

CaO 

Fig.  3.  Overview  working  pairs  tested  in  prototypes  under  practical  conditions. 
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The  main  target  for  the  researchers  is  to  develop  a  chemical 
sorption  technology  which  can  be  technically  feasible  and  eco¬ 
nomically  viable,  and  that  would  be  an  alternative  to  the 
conventional  heat  pump  systems.  In  this  sense,  the  main  research 
direction  has  been  focused  on  finding  the  optimum  working  pair 
for  each  application  and  improving  the  performance  of  this 
technology. 

Chemical  sorption  heat  pumps  based  on  solid-gas  systems 
have,  in  general,  a  very  low  performance  mainly  due  to  the  poor 
heat  and  mass  transfer  performance  in  the  reactive  beds  (metal 
salts)  and  to  the  thermodynamic  operation  of  the  cycle.  Poor  heat 
and  mass  transfer  performance  in  the  packed  bed  reactor  is 
mainly  related  to  the  low  thermal  conductivity  of  the  metal  salts 
(e.g.  0.1-0.5Wm-1  I<-1  for  metal  chlorides  [22-24]  and  about 
lWm-1K-1  for  metal  hydrides  [25]),  the  bad  heat  transfer 
between  the  solid  bed  and  the  reactor  (heat  exchanger)  wall 
[26]  and  the  swelling  and  agglomeration  phenomena  occurring 
during  the  sorption  process  with  ammonia  or  water  [27-29]. 
Moreover,  the  thermodynamic  cycle  operation  requires  large 
temperature  swings  of  the  sorption  reactor  during  the  process 
which  reduces  the  efficiency  (COP)  of  the  system  [26,30]. 

One  way  to  improve  the  performance  of  the  system  is  by 
improving  the  design  of  the  reactor  and  the  heat  exchanger. 
However,  over  the  last  two  decades,  researchers  have  found  on 
composite  materials  and  advanced  cycles  concepts  a  new  promis¬ 
ing  way  to  improve  the  low  performance  of  the  current  reactants 
and  the  basic  cycle. 

Composite  materials  are  mainly  aimed  to  improve  the  poor 
heat  and  mass  transfer  performance  in  the  reactive  bed.  These 
materials  are  made  up  by  the  combination  of  a  salt  hydrate  and 
an  additive  with  a  porous  structure  and  high  thermal  conductiv¬ 
ity,  which  may  or  may  not  be  an  adsorbent,  such  as  expanded 
graphite  [31-38],  metal  foam  [39-42],  carbon  fiber  [29,43,44]  or 
activated  carbon  [45].  In  general,  the  methods  used  to  produce 
composite  materials  are:  simple  mixture,  impregnation,  or  mix¬ 
ture/impregnation  and  consolidation  [46].  The  degree  of  heat  and 
mass  transfer  enhancement  depends  on  the  manufacturing 
method  and  the  properties  and  weight  fraction  of  the  additive, 
as  well  on  the  reactor  design  [23,28].  However,  experimental 
studies  showed  that  composite  materials  can  have  high  thermal 
conductivity  (over  7Wm-1I<-1  for  consolidated  composites 
with  expanded  graphite  [22-24]),  and  can  prevent  or  reduce 
agglomeration  and  swelling  phenomena  [35,45]. 

Advanced  cycles  concepts  [47,48]  are  mainly  designed  to 
increase  the  efficiency  and  power  output  of  the  process  with 
better  heat  management  and  mass  recovery  strategies.  Some  of 
the  typical  advanced  cycle  concepts  include  thermal  wave  cycle 
[49-51],  forced  convection  cycle  [52,53],  cascading  cycle  [54], 
heat  and/or  mass  recovery  cycle  [55-57],  multi-effect  cycle 
[13,15,58],  sorption  cycle  with  heat  pipe  thermal  control  [44,59] 
and  double-way  cycle  [60].  However,  other  advanced  cycles  are 
also  designed  to  lower  the  driving  heat  source  temperature  such 
as  multi-stage  cycles  [61-63]. 

2.2.  Specific  reactants 

2.2.1.  Ammoniates 

Lepinasse  et  al.  [64-66]  developed  a  resorption  prototype  for 
refrigeration  using  BaCl2/MnCl2  ammoniates  pair  previously 
mixed  and  compacted  in  expanded  graphite  [31  j.  At  the  operating 
temperatures  of  195  °C/50  C/25  °C,  the  reported  cooling  and 
heating  power  of  the  test  rig  were  1  kW  (SCP=300  W  kg- ')  and 
1.3  kW  (SHP=320  W  kg-1),  respectively.  These  values  are  aver¬ 
age  values,  taken  from  the  powers  measured  during  the  25  min  of 
the  stationary  phase  (from  20  %  to  80  %  conversion).  The 
calculated  COP  was  0.35. 


Li  et  al.  [60,67,68]  studied  a  double-effect  sorption  refrigera¬ 
tion  system  also  using  BaCl2/MnCl2  ammoniates  pair  but, 
previously  impregnated  in  expanded  graphite  and  consolidated 
in  the  form  of  cylindrical  blocks.  In  a  first  study  [60],  the  authors 
reported  an  experimental  COP  of  0.52  at  60  %  conversion  and  at 
operating  temperatures  of  180°C/30°C/  10  °C.  In  another  study 
[67],  the  authors  tested  the  same  system,  but  using  a  different 
composition  of  the  reactive  blocks,  at  the  operating  temperatures 
of  180  “C/30-25  °C/1 0  °C.  The  calculated  experimental  COP  was 
0.62  at  80  %  conversion.  In  addition,  the  authors  reported  an 
average  SCP  of  301  W  kgsJt,  that  was  achieved  during  the  60  min 
of  the  sorption  process  (evaporation  cooling-effect).  Later,  Li  et  al. 
[68  j  proposed  a  reheating  process  which  was  performed  at  the 
end  of  the  resorption  period  just  before  the  beginning  of  the 
sorption  period.  The  BaCl2  reactor  was  reheated  by  replacing  the 
low-temperature  heat  transfer  fluid  (10  °C)  with  cooling  water  at 
ambient  temperature  (30  °C).  The  aim  of  the  proposed  system 
was  to  increase  the  equilibrium  temperature  drop,  which 
increases  the  resorption  rate  and  thereby  the  global  conversion 
of  the  sorbent.  At  the  operating  temperatures  of  180  C/30-25  °C/ 
10  °C,  the  reported  experimental  COP  without  and  with  reheating 
process  was  0.57  and  0.64,  respectively. 

Goetz  et  al.  [69]  investigated  a  resorption  prototype  for 
refrigeration  at  0  °C  based  on  the  ammoniates  of  BaCl2  and  NiCl2 
previously  mixed  and  compacted  in  expanded  graphite  [31].  The 
mean  cooling  power  during  the  15  min  of  the  refrigeration  phase 
(~41%  conversion)  was  40  W  (396  W  kg-1)  at  a  cooling  tempera¬ 
ture  of  0  °C  and  a  heat  sink  temperature  of  40  °C. 

The  ammoniates  of  PbCl2  and  MnCl2  were  employed  by 
Lepinasse  et  al.  [70]  to  refrigerate  and  keep  an  88  L  cold  box 
under  0  °C  during  3  h.  The  reactants  were  also  mixed  with 
expanded  graphite  and  then  compressed  as  described  in  [31]. 
The  PbCl2  reactor  was  placed  inside  the  box  to  absorb  the  heat 
from  the  air,  whereas  the  MnCl2  reactor  released  heat  to  the 
environment.  The  reported  cooling  capacity  of  the  resorption 
refrigerator  was  48  kWh  m  3. 

Recently,  Bao  et  al.  [71,72]  also  investigated  a  resorption 
refrigerator  for  simultaneously  cooling  the  upper  section  of  a 
33  L  storage  box  at  0  °C  to  6  DC  and  freezing  the  bottom  section  at 
- 16  °C  to  - 14.5  °C.  The  ammoniates  pair  used  was  NH4Cl/MnCl2, 
previously  impregnated  in  expanded  graphite  and  consolidated  in 
the  form  of  cylindrical  blocks  according  to  [34,36],  The  experi¬ 
ments  were  carried  out  at  different  ambient  air  box  temperatures 
ranging  from  20  to  35  °C.  Depending  upon  initial  air  box  tem¬ 
perature,  the  air  in  the  bottom  section  reached  the  minimal  value 
of  - 16  to  - 14  °C  and  kept  below  - 10  DC  for  about  3  h  and,  the 
upper  section  could  be  cooled  down  to  —1-6  °C.  The  average  SCP 
in  3  h  operation  was  43  W  kgsa’t.  However,  the  average  effective 
cooling  power  ranged  from  1 1  W  ■  kg^/t  at  an  ambient  air  box 
temperature  of  35  °C  to  18  W  kgsai\  at  a  ambient  air  box  tempera¬ 
ture  of  20  °C. 

Also  an  NH4Cl/IVInCl2  resorption  system  was  studied  for 
simultaneously  heat  and  cold  production  by  Xu  et  al.  [73]. 
Consolidated  composite  materials  made  of  the  reactive  salt  and 
expanded  graphite  were  used  as  the  reactive  medium  [36].  At  the 
operating  conditions  of  140  C/30-75  °C/0  °C,  the  specific  cooling 
power  was  1.2  MJ  kg-1  day-1,  the  COP  was  0.35  and  the  COPA 
was  1.3. 

Oliveira  et  al.  [74]  studied  a  sorption  system  using  NaBr  with 
NH3  for  air  conditioning  applications  and  a  resorption  system 
using  NaBr  and  MnCl2  with  NH3  for  simultaneous  heating  and 
cooling.  The  salts  were  impregnated  in  expanded  graphite  and 
consolidated  in  the  form  of  cylindrical  blocks  following  a  proce¬ 
dure  described  by  Oliveira  et  al.  [36].  In  the  air  conditioning 
system,  the  authors  reported  a  specific  cooling  capacity  of 
129  ±  7  W  - kg-1  and  a  COP  of  0.46  +  0.01  for  40  min  process 
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and  at  the  operating  temperatures  of  65  °C/30  °C/15  "C.  On  the 
other  hand,  in  the  resorption  system  the  COP  reached  a  value  of 
0.21  and  the  COPA  was  1.11  at  the  operating  temperatures  of 
165  °C/30-70  °C/10°C. 

A  heat  transformer  resorption  system  based  on  the  CaCl2  and 
MnCl2  salts  was  investigated  by  Wang  et  al.  [75].  In  addition,  the 
authors  studied  the  influence  of  a  gas  valve  control  on  the 
performance  of  the  heat  transformer.  The  reactants  were  also 
impregnated  in  expanded  graphite  and  consolidated  in  the  form 
of  cylindrical  blocks  by  a  methodology  disclosed  by  Zhang  et  al. 
[32].  At  the  operating  temperature  of  150  °C/120  °C/40  °C,  the 
reported  SHP  and  COP  were  235  Wkg-1  and  0.22,  respectively. 
Further,  the  addition  of  a  gas  valve  control  improved  by  6  %  the 
SHP  and  by  14  %  the  experimental  COP. 

Llobet  and  Goetz  [76]  proposed  a  double-effect  sorption  process 
system  for  cooling  applications  with  heat  recovery  by  direct  contact 
with  the  reactors.  The  selected  working  pairs  for  the  process  were 
the  ammoniates  of  SrCl2  and  CoCl2,  previously  mixed  and  com¬ 
pacted  in  expanded  graphite  [31].  The  authors  claimed  that  the 
double  effect  by  direct  contact  allows  to  consider  high  energetic 
performances,  a  simple  working  mode  and  a  compact  installation. 
At  the  operating  temperatures  of  240  ’C/7.5  °C/-4  °C,  the  reported 
SCP  and  COP  were  145  W  kg^jt  and  0.25,  respectively.  In  addition, 
the  authors  compared  the  results  of  the  current  system  with  the 
previous  experimental  results  obtained  by  Nevau  et  al.  [77]  and 
Wagner  [78]  in  two  different  types  of  double-effect  system.  Nevau 
et  al.  [77]  studied  a  double-effect  system  using  MnCl2  and  NiCl2 
salts.  At  the  operating  temperatures  of  280  °C/10  °C/— 5  °C,  the 
reported  SCP  and  COP  were  29  W  kgs.,/,  and  0.21,  respectively.  On 
the  other  hand,  Wagner  [78]  investigated  a  double  effect  system 
controlled  by  heat  pipes  using  SrBr2  and  NiCl2  salts.  At  the  operating 
temperatures  of  340  C/8  °C/-4  °C,  the  reported  SCP  and  COP  were 
134  W-  kgsail  and  0.38,  respectively. 

A  resorption  heat  transformer  based  on  the  ammoniates  of 
MgCl2  and  LiCl  was  first  studied  by  Haije  et  al.  [39]  and  followed 
by  van  der  Paal  et  al.  [42,79].  The  target  of  the  system  was  to 
upgrade  the  waste  heat  from  a  temperature  level  between  100 
to  150  °C  to  a  temperature  level  between  180  to  220  °C  and  thus 
to  produce  medium  pressure  steam.  Haije  et  al.  [39]  developed  a 
resorption  prototype  based  on  a  novel  concept  of  “tube-hollow- 
fin”  heat  exchanger  to  increase  heat  transfer.  In  addition,  the 
ammoniates  were  impregnated  in  metal  foam.  At  the  operating 
temperatures  of  200  ’C/155-200  C/20  °C,  the  authors  reported  a 
mean  power  output  of  0.4  kW  (about  222  W  kg-1  of  salt)  during 
the  40  min  of  the  heat  production  period  and  an  experimental 
COP  of  0.11.  The  poor  performance  of  the  system  was  attributed 
to  the  poor  stability  and  mass  transfer  limitations  of  the  salts  in 
the  metal  foam  [39,42].  Later,  van  der  Paal  et  al.  [42]  developed  a 
new  method  for  the  impregnation  of  the  salts  in  metal  foam  and 
designed  a  shell  and  tube  heat  exchanger  type  of  reactor  for  the 
prototype.  The  temperature  of  the  LiCl  reactor  was  varied 
between  20  °C  and  80  °C  for  the  MgCl2  reactor  at  1 30  °C  and 
between  20  ’C  and  130  °C  for  MgCl2  reactor  at  180  °C  and  200  C. 
The  authors  found  that  only  40  %  of  the  MgCl2  •  2NH3  absorbed 
ammonia  to  form  MgCl2  •  6NH3,  which  was  attributed  to  the  short 
cycle  time  (1  h).  The  system  was  stable  for  at  least  the  100  cycles 
performed  with  an  average  heat  in/output  of  about  300  W  and  a 
peak  power  in/output  of  about  600  W.  Finally,  the  calculated  COP 
was  close  to  0.  The  low  value  was  also  attributed  to  the  large 
thermal  mass  of  the  reactor.  In  a  recent  study  [79],  the  absorption 
of  ammonia  by  LiCl  ■  NH3  with  an  ammonia  pressure  of  540  kPa 
was  studied  at  50  DC.  The  authors  found  that  only  36  %  of 
the  theoretically  available  amount  of  ammonia  was  absorbed  in 
the  10  cycles  performed.  Furthermore,  the  authors  observed  the 
formation  of  the  liquid  phase  at  this  pressure.  This  phase  change 
was  also  found  in  a  previous  study  [80]. 


A  sorption  refrigeration  system  using  CaCl2  impregnated  in 
expanded  graphite  and  consolidated  in  the  form  of  cylindrical 
blocks  was  studied  by  Oliveira  et  al.  [35,36].  In  a  first  study  [35], 
the  authors  obtained  the  highest  average  SCP  of  255  Wkg-1  at 
the  synthesis  time  of  40  min  and  at  the  operating  temperature  of 
97  °C/30  DC/- 18.3  °C.  At  this  moment,  the  overall  conversion  was 
48  %  and  the  evaporation  temperature  dropped  to  -  22  °C.  The 
average  SCP  measured  for  the  whole  process  was  194  Wkg-1 
(140  min).  In  a  later  study  [36],  the  manufacturing  conditions  and 
composition  of  the  reactive  blocks  differed  from  that  of  the 
previous  study  [35],  The  authors  obtained  a  SCP  and  cooling 
power  density  above  1000  W  •  kgsa|\  and  290  kW  m~3,  when  the 
evaporation  temperature  was  in  the  range  from  -20  °C  to  -10  ’C 
(typical  temperatures  for  ice  production),  and  the  heat  sink 
temperature  was  in  the  range  from  20  °C  to  30  °C.  The  calculated 
COP  was  0.35  when  the  consumed  mass  of  NH3  was  0.8  kgsail  (87  % 
conversion,  CaCl2  •  2NH3  to  CaCl2  ■  6NH3). 

Wang  et  al.  [81  ]  studied  a  double-sorption  ice  maker  driven  by 
the  exhaust  gas  of  the  diesel  engine  from  fishing  boats  and  cooled 
by  seawater  (heat  sink).  The  reactive  composite  material  was 
made  from  CaCl2  and  activated  carbon,  and  cement  as  a  binder, 
following  a  method  described  by  Wang  et  al.  [45],  The  two 
sorption  reactors  were  of  tubular  type  (Fig.  4),  wherein  the 
composite  material  was  filled  and  pressed  between  fins  of  the 
finned  tubes  and  the  inside  of  the  finned  tubes  served  as  the  heat 
pipe  part  in  the  sorption  reactor.  Further,  the  sorption  cycle 
included  a  mass  recovery  process  to  improve  the  system  perfor¬ 
mance.  At  the  optimum  cycle  time  of  50  min,  the  optimum  mass 
recovery  time  of  47  s  and  the  operating  temperatures  of  about 
100 ’C/25  °C/- 15  °C,  the  authors  reported  an  average  cooling 
capacity  of  1.37  kW,  a  COP  of  0.41  and  a  SCP  of  731  W  kg^Jt. 
In  addition,  the  mass  recovery  process  improved  the  COP  and  SCP 
by  15.5  %  and  24.1%,  respectively.  Lu  et  al.  [82]  performed  further 
experiments  on  the  same  prototype  but  including,  besides  a  mass 
recovery  process,  a  heat  recovery  process  in  the  sorption  cycle. 
The  authors  obtained  an  average  SCP  of  676.8  W  kgsa|'t  and  a  COP 
of  0.34  when  the  operating  temperatures  were  114  C/25  °C/ 
-20  °C,  the  cycle  time  was  70  min,  the  mass  recovery  time  was 
40  s  and  the  heat  recovery  time  was  2  min.  In  addition,  the 
performance  of  the  double-sorption  ice  maker  was  investigated 
when  it  was  powered  by  solar  water  heating  but  without  includ¬ 
ing  a  heat  recovery  process  in  the  sorption  cycle.  When  the  cycle 
time  was  24  min,  the  mass  recovery  time  was  40  s  and  the 
operating  temperatures  were  80  °C/30  °C/  - 1 5  °C,  the  reported 
average  SCP  and  COP  were  161.2  W  kg^/t  and  0.12,  respectively. 

Later,  Lu  et  al.  [83]  redesigned  the  main  components  of  the 
double-sorption  ice  maker  to  improve  the  performance  of  the 
system  (Fig.  5).  The  authors  reported  an  average  SCP  of  369.1 
W  kgsaJt  and  a  COP  of  0.2,  at  the  operating  temperatures  of 
126  °C/22 ’C/-7.5  °C  and,  the  heat  and  mass  recovery  time  of 
2  min  and  40  s,  respectively.  In  a  further  study,  Li  et  al.  [84]  tested 
the  prototype  with  the  implementation  of  a  novel  heat  and  mass 
recovery  process  with  heating  the  high  temperature  reactor 
(desorption)  and  cooling  the  low  temperature  reactor  (sorption) 
during  the  mass  recovery  process.  The  authors  obtained  an 
average  SCP  of  486.5  W  kg^/t  and  a  COP  of  0.27  at  the  operating 
temperatures  of  160  °C/10  °C/-  19  °C,  at  the  half-cycle  time  of 
17  min  and  the  optimum  heat  and  mass  recovery  time  of  120  s 
and  40  s,  respectively.  According  to  the  authors,  the  novel  heat 
and  mass  recovery  process  improved  the  SCP  by  18.9  %  and  COP 
by  17.4  %,  if  compared  with  the  conventional  heat  and  mass 
recovery  process.  In  a  later  study,  Li  et  al.  [85]  proposed  a  two- 
stage  heat  recovery  process  to  reduce  the  heat  source  tempera¬ 
ture  and  improve  the  performance  of  the  conventional  two-stage 
process.  At  the  operating  temperatures  of  103  °C/  309C/  -19.79C, 
the  reported  average  SCP  was  228.4  W  kgsa't  and  COP  was 
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Fig.  4.  Design  of  the  sorption  reactor  [80]. 


Fig.  5.  Double-sorption  ice  maker  prototype  [82]. 
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Fig.  6.  Structure  of  refrigerator.  (A)  Schematic  diagram.  (B)  Photo  of  refrigerator.  (1)  water  valve,  (2)  vapor  valve,  (3)  sorption  reactors,  (4)  condensers,  (5)  vaporgenerator, 
(6)  cooler,  (7)  ammonia  valve,  (8)  pump,  (9)  evaporators  and  (10)  cooling  water  [86]. 


0.14.  Moreover,  the  performance  of  the  two-stage  heat  recovery  the  conventional  two-stage  cycle  under  the  same  operating 

cycle  was  improved  by  more  than  23  %  when  compared  with  temperatures. 
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Xia  et  al.  [86]  and  recently,  Li  et  al.  [87]  also  tested  a  double¬ 
sorption  ice  maker  with  mass  recovery  process,  however  using 
the  consolidated  composite  material  made  of  expanded  graphite 
and  impregnated  with  CaCl2.  Furthermore,  the  authors  stressed 
that  the  new  prototype  (Fig.  6)  was  designed  with  only  3  valves, 
which  increased  the  reliability  of  the  system  when  compared 
with  the  previous  prototypes  (185-189)  having  more  than 
7  valves.  Xia  et  al.  [86]  reported  a  cooling  power  of  8.4  kW  with 
an  average  SCP  of  302.7  W  kgsa/t  and  COP  of  0.32  at  the  operating 
temperatures  110  “C/25  °C/-15  °C,  the  optimum  cycle  time  of 
25  min  and  the  mass  recovery  time  of  45  s.  On  the  other  hand, 
Li  et  al.  [87]  tested  the  system  under  the  same  operating 
condition  but  at  a  higher  heat  source  temperature  of  about 
140  °C.  The  reported  cooling  power,  average  SCP  and  COP  were 

1 1.4  kW,  422.2  W  kg^J.,  and  0.27,  respectively. 

A  solar-assisted  sorption  drier  based  on  the  ammoniated  of  CaCl2 
was  designed  and  tested  by  Fadhel  et  al.  [88]  and  Ibrahim  et  al. 
[89,90].  The  sorption  reactor  was  of  shell  and  tube  heat  exchanger, 
wherein  the  reactant  was  placed  between  the  fins  of  the  heat 
exchanger.  The  incoming  air  was  heated  by  condensation  of 
ammonia  during  the  desorption  process  and  was  entered  into  the 
drying  chamber  to  dry  lemon  grass.  Part  of  the  moist  air  stream 
produced  after  the  diying  process  was  diverted  through  the  eva¬ 
porator,  where  it  was  cooled.  Dehumidification  took  place  as  the 
heat  was  given  by  the  evaporation  of  ammonia  and  consequent 
sorption  of  CaCl2  •  2NH3  The  air  was  then  passed  through  the 
condenser  again,  where  it  was  reheated  by  the  ammonia  condensa¬ 
tion  and  then  entered  to  the  drying  chamber.  The  performance  of 
the  system  was  evaluated  over  9  h  (diying  time,  8  am-17  pm)  on  a 
clear  and  on  a  cloudy  December  day  in  Malaysia.  The  authors 
reported  maximum  heating  performance  of  2  on  a  clear  day  and  of 

1.4  on  a  cloudy  day  for  the  integrated  chemical  heat  pump  with 
solar  collector  and  storage  tank.  Furthermore,  the  total  energy 
output  on  a  clear  day  was  51  kWh  and  on  a  cloudy  day  was  25  kWh. 

Vasiliev  et  al.  [91]  investigated  a  sorption  refrigerator  system 
using  also  CaCl2  but  impregnated  in  “Busoft"  (carbon  fibers). 
These  composite  materials  were  suggested  due  to  their  stability, 
low  cost  and  suitable  temperature  range.  The  experiments  were 
carried  out  in  a  cylindrical  reactor  using  an  inner  heat  pipe  as  the 
heat  exchanger.  Metal  fins  were  fixed  on  the  heat  transfer  surface 
to  increase  the  heat  transfer  between  the  reactive  bed  and  the 


heat  pipe  envelope.  At  the  operating  temperatures  of  120  C/ 
50?C/—  189C  and  the  cycle  time  of  25-30  min,  the  calculated  COP 
was  close  to  0.43. 

Vasiliev  et  al.  [91]  also  studied  a  resorption  heat  pump  using 
the  ammoniates  of  BaCl2  and  NiCl2  impregnated  in  “Busofit"  for 
simultaneous  heat  generation  (steam  at  Tm=  120-130  °C)  and 
chilled  water  production  (Tl=3-5  °C).  The  high  heat  temperature 
source  was  about  240  C.  A  similar  type  of  reactor  as  previously 
described  was  used  for  the  experiments.  The  authors  obtained  an 
experimental  COP  of  more  than  0.44,  while  the  COA  was  1.44. 
Vasiliev  et  al.  [92,93]  also  performed  experiments  with  two  resorp¬ 
tion  heat  pumps  to  allow  a  continuous  operation.  The  experiments 
were  performed  using  the  ammoniates  of  BaCl2  and  MnCl2  impreg¬ 
nated  in  “Busofit”.  The  authors  reported  a  power  output  of  350  W 
per  kg  of  composite  for  30  min  operation. 

Further  studies  by  Vasiliev  et  al.  [93-95]  were  carried  out  in  a 
three-bed  double-effect  sorption  heat  pump  to  ensure  the  regime 
of  continuous  heat  and  cold  supply  in  the  presence  of  two 
independent  refrigerating  sources.  The  three  reactants  used  were 
BaCl2,  NiCl2  and  MnCl2  impregnated  in  "Busofit".  Two  prototypes 
with  different  working  principle  were  built.  However,  in  the  first 
prototype,  the  sorption  reactor  of  MnCl2,  NiCl2  and  BaCl2  were 
desorbed  at  230  °C,  180  °C,  and  90  °C,  respectively  by  the  waste 
gases  of  the  internal  combustion  engine  and  by  the  hot  liquid 
from  the  cooling  liquid  system  of  the  engine.  The  experimental 
COP  obtained  in  this  prototype  was  0.42.  In  the  second  prototype 
desorption  was  carried  first  in  the  MnCl2  and  NiCl2  reactor  at 
450-500  °C  by  the  waste  gases  and  then  in  the  BaCl2  reactor  at 
95  C  following  a  procedure  described  in  [95].  The  experimental 
COP  obtained  in  the  second  prototype  was  0.62. 

Le  Pierres  et  al.  [96,97]  investigated  a  two  cascade  sorption 
refrigeration  prototype  using  BaCl2  as  the  reactive  salt  pair 
previously  mixed  and  compacted  in  expanded  graphite  [31].  The 
purpose  of  this  study  was  to  cool  down  a  560  L  insulated  cold  box 
to  about  -25  °C  using  only  low  grade  heat  produced  by  two 
simple  flat  plate  solar  collectors  (Fig.  7).  Desorption  process  was 
carried  out  during  the  day  time  and  sorption  process  (refrigera¬ 
tion)  was  carried  out  during  the  nighttime.  The  experiments  were 
performed  in  Perpignan  (France)  from  24  May  to  28  July  2005  and 
from  9  September  to  10  October  2005.  The  authors  concluded  that 
the  capability  of  the  process  to  produce  deep-freezing  temperatures 


Night 


Fig.  7.  Simplified  scheme  of  the  prototype  during  the  regeneration  and  cold  production  phases  [96], 
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was  mainly  influenced  by  the  solar  irradiation  and  the  environ¬ 
ment  temperature.  The  lowest  temperature  reached  in  the  eva¬ 
porator  from  the  cold  box  was  -31  °C.  Temperatures  lower  than 
-20°C  were  achieved  mainly  when  the  solar  irradiation  was 
higher  than  18  MJ  m~2  day-1  and  during  72  %  of  nights.  The  cold 
box  temperatures  were  always  between  3  C  and  6  °C  higher  than 
those  of  the  evaporator.  Moreover,  the  average  COP  during  the  93 
days  of  experiments  was  0.031. 

Chen  et  al.  [98]  studied  a  consolidated  composite  material 
made  of  BaCl2  impregnated  with  expanded  graphite  to  be  used  in 
a  solar  assisted  sorption  air  conditioner.  The  values  of  COP  and 
average  specific  cooling  power  reached  0.5  and  192  W  kg  1 ,  at 
the  operating  temperatures  of  80  °C/30  °C/15  °C. 

Rivera  et  al.  [99]  investigated  the  feasibility  to  operate  a  BaCl2 
sorption  refrigerator  system  with  low  cost  solar  flat  plate  collec¬ 
tors.  The  authors  found  that  it  was  possible  to  generate  ammonia 
vapor  at  53  °C  using  hot  water  at  70  °C  as  heat  source  tempera¬ 
ture,  while  keeping  the  condenser  at  23  °C.  In  addition,  the  system 
produced  cold  at  temperatures  below  0  C  for  about  1 .5-2  h. 

Kiplagat  et  al.  [100]  proposed  a  consolidated  composite  mate¬ 
rial  made  of  expanded  graphite  impregnated  with  LiCl  salt  to  be 
used  in  solar  assisted  sorption  ice  maker.  The  salt  was  impreg¬ 
nated  into  the  expanded  graphite  according  to  the  methodology 
given  by  [35].  The  authors  obtained  the  highest  average  SCP  of 
117  Wkg-1  and  a  COP  of  0.47  at  the  operating  temperatures 
80  °C/25  °C/-5SC  and  30  min  of  refrigeration  time. 

Chen  et  al.  [101  ]  studied  a  consolidated  material  made  of  SrCl2 
impregnated  in  expanded  graphite  to  also  be  used  in  a  solar 
assisted  sorption  ice  maker.  The  calculated  average  specific  cool¬ 
ing  power  and  COP  of  solar  ice  making  chemical  heat  pump  was 
738  Wkg-1  and  0.435,  respectively. 

Cerknenik  et  al.  [102]  investigated  a  double  sorption  reactor 
working  in  counter-phase  that  uses  the  ammonia te  of  NiCl2  as  the 
reactant.  The  device  was  tested  as  part  of  a  cascading  triple-effect 
sorption  device,  to  increase  the  COP  of  the  cooling  system.  The 
cascade  cooling  device  was  based  on  coupling  a  double-effect  LiBr- 
H20  cooling  device  as  the  bottom  part  of  the  cascade  with  the  NiCl2 
sorption  cooling  device  as  the  top  part  of  the  cascade.  The  NiCl2 
sorption  cooling  device  can  be  used  at  higher  temperatures  (above 
200  C)  at  which  efficient  absorption  devices  cannot  be  used.  The 
sorption  reactors  were  of  tubular  type.  An  evaporator  heat  pipe  was 
placed  in  the  middle  part  of  each  tube.  The  rest  was  filled  with  the 
ammoniate  of  NiCl2  previously  impregnated  in  expanded  graphite 
and  compressed.  The  desorption  process  temperature  was  300  QC 
and  the  sorption  process  temperature  was  200  °C.  The  condensation 
ammonia  pressure  was  about  1 000  kPa  and  the  evaporation  ammo¬ 
nia  pressure  was  about  450  kPa.  The  reported,  average  calculated 
COP  was  about  0.17. 

Aidoun  and  Ternan  [43,103]  investigated  a  sorption  system  using 
CoCl2  impregnated  on  carbon  fibers  for  heating  and  cooling  in  the 
food  processing  industry.  The  experiments  were  carried  out  in  a 
cylindrical  packed  bed  reactor.  In  addition,  the  reactor  was  weighed 
continuously  during  the  experiments,  thereby  providing  an  instan¬ 
taneous  measurement  of  the  reaction  rate  that  was  independent  of 
the  heat  transfer  measurements.  The  first  study  [43]  was  focused  on 
the  decomposition  process.  The  power  densities  measured  during 
the  decomposition  reaction  had  values  of  280  kW  m~3  sustained  for 
30  min  when  the  decomposition  pressure  was  set  to  1000  kPa  and 
the  condenser  temperature  was  kept  at  5  °C.  In  addition,  it  was 
observed  that  there  was  a  threshold  temperature  (  >  300  C)  beyond 
which  salt  degradation  occurred  as  previously  showed  in  [104,105], 
The  second  study  [103]  was  focused  on  the  sorption  process.  The 
authors  reported  a  peak  power  output  of  about  235  kW  m~3,  when 
the  evaporator  pressure  was  kept  in  the  range  of  700-795  kPa  and 
the  pressure  control  valve  set  to  maintain  the  reactor  at  a  constant 
pressure  of  approximately  450  kPa. 


2.2.2.  Hydrates 

The  hydrates  of  MgS04,  MgCl2,  CaCl2,  and  A12(S04)3  were 
proposed  for  seasonal  heat  storage  of  solar  energy  in  the  built 
environment  by  Essen  et  al.  [6,106].  The  authors  aimed  to  store 
the  surplus  of  solar  energy  generated  during  the  summer  and 
meet  the  heating  demand  for  space  heating  and  domestic  hot 
water  during  the  winter,  when  the  demand  exceeds  the  solar 
supply.  The  materials  were  tested  under  practical  conditions  at 
150eC/10-50sC/10eC,  where  150  °C  was  the  assumed  maximum 
temperature  that  can  be  delivered  by  a  medium  temperature 
collector  (vacuum  tube)  during  the  summer  period  and  10  °C  was 
the  assumed  temperature  of  the  borehole  heat  exchanger  con¬ 
nected  to  the  evaporator/condenser.  The  performance  of  the 
material  was  assessed  by  measuring  the  temperature  lift  of  the 
bed  during  the  sorption  process.  The  MgCl2  reached  a  maximum 
temperature  lift  of  19  °C  while  the  CaCl2,  the  MgS04,  and  the 
A12(S04)3  reached  a  maximum  temperature  lift  of  11  °C,  4  °C  and 
1  °C,  respectively.  However,  the  MgCl2  and  CaCl2  tend  to  form  a 
gel-like  material  during  the  sorption  process  due  to  their  hydro¬ 
scopic  nature. 

Following  the  same  research  line,  Zondag  et  al.  [107]  further 
investigated  the  MgCl2  under  practical  conditions.  In  this  case, 
however,  the  experiments  were  performed  in  an  open  system 
(atmospheric)  instead  of  the  close  system  used  in  the  previous 
study  [106].  This  choice  was  based  on  a  previous  techno-econom¬ 
ical  study  done  by  Zondag  et  al.  [108],  which  had  shown  that 
these  systems  were  more  economical  and  reliable.  The  authors 
found  that  HC1  was  formed  during  the  dehydration  of 
MgCl2  •  7H20  at  temperatures  above  135  DC.  The  formation  of  this 
gas  not  only  degrades  the  storage  material,  but  it  is  also  strongly 
corrosive.  Therefore,  dehydration  was  limited  to  a  temperature 
below  135  °C.  In  addition,  the  over-hydration  of  MgCl2  was 
avoided  by  impregnation  into  a  carrier  material  (cellulose).  The 
hydration  experiments  were  performed  using  a  moistened  nitro¬ 
gen  flow  of  20  slpm  with  a  vapor  pressure  of  1.2  kPa  and  at  an 
initial  bed  temperature  of  25  °C.  The  measured  temperature  lift 
was  1 5  °C  and  a  significant  temperature  rise  was  maintained  in 
the  bed  after  24  h.  The  calculated  energy  density  of  the  material 
after  23  h  hydration  was  0.14  MJ  kg-1. 

De  Boer  et  al.  [109]  tested  a  sorption  cooling  system  using  Na2S 
for  residential  and  industrial  applications.  A  spiro-tube  heat 
exchanger  was  used  as  reactor.  Because  the  Na2S-H20  system 
has  a  eutectic  melting  point  at  83  °C,  the  upper  limit  for  the 
condensation  temperature  was  fixed  at  about  27  °C.  Nevertheless, 
the  Na2S  was  impregnated  on  fibrous  cellulose  to  allow  partial 
melting  of  the  material  without  significant  irreversibility  [7[.  Peak 
cooling  powers  of  500  to  700  W  were  measured  at  evaporation 
temperatures  of  10  to  15  °C,  which  remained  relatively  constant 
until  all  the  water  was  evaporated.  The  measured  maximum 
thermal  storage  capacities  of  the  prototype  were  3.2  kWh  for  heat 
and  2.1  kWh  for  cold.  Finally,  the  reported  COP  was  0.57. 

Stitou  et  al.  [110]  developed  a  sorption  system  using  MnCl2 
previously  mixed  with  expanded  graphite  and  compacted  accord¬ 
ing  to  [31,33,34].  The  purpose  of  the  system  was  to  produce  heat 
at  a  temperature  level  suitable  for  industrial  purposes  (typically 
160  C)  from  waste  heat  at  90  °C  (high  pressure  mode)  or  from 
environment  at  35  °C  (low  pressure  mode).  The  experimental 
reactors  were  surrounded  by  gravitational  heat  pipes  for  heat 
recovery  during  the  sorption  period.  The  prototype  was  experi¬ 
mentally  evaluated  for  the  high  pressure  mode  at  different 
working  temperatures  (320-330  °C,  heat  source;  120-145  °C, 
condenser;  145-160  °C,  heat  sink;  95  °C,  evaporator).  The  total 
cycle  time  was  about  87  min  and  the  average  powers  were 
1290W  for  the  heating  and  desorption,  1790  W  for  cooling  and 
sorption,  530  W  for  the  condenser  and  560  W  for  the  evaporator. 
The  mean  value  of  the  COA  was  1.25. 
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A  solar  assisted  sorption  system  using  SrBr2  was  tested  by 
Lahmidi  et  al.  [111].  The  system  was  designed  for  heating  floor  in 
winter  or  mid-season  at  35  °C  and  refreshing  floor  in  summer  at 
18  °C.  SrBr2  was  mixed  with  expanded  graphite  and  compacted 
according  to  a  methodology  described  by  Mauran  et  al.  [34].  The 
reported  mean  cooling  power  was  48  kW-  m~3  at  the  operating 
temperatures  of  80  °C/35  °C/18  °C  (summer)  whereas  the  heating 
power  in  winter  was  36  kW  m  3  at  the  operating  temperatures  of 
70  °C/35  °C/12  °C  (winter).  The  average  powers  were  calculated 
from  the  experimental  measurements  obtained  between  0  to  90  % 
of  conversion.  Based  on  previous  results,  Mauran  et  al.  [112]  built 
a  prototype  reactor  that  was  able  to  store,  with  a  complete 
reaction,  60  kWh  and  40  kWh  for  heating  and  cooling  respec¬ 
tively.  In  summer  conditions  (66  “C/35-30  °C/18  °C),  the  mean 
refreshing  power  was  -2.6  kW  during  the  14  h  of  the  sorption 
period  (0-92  %).  On  the  other  hand,  in  mid-summer  conditions 
(70  °C/12-30  °C/12  °C),  the  mean  heating  power  was  2.2  kW 
during  the  first  half  of  the  sorption  process  (55  %  conversion). 

2.2.3.  Metal-hydrides 

Lee  et  al.  [113]  studied  a  resorption  metal  hydride  air  condi¬ 
tioner  using  Zro.9Tio.1Cro.5Fe!  4/ZrogTio/iCro.gFe]  ]  pair  which  was 
driven  by  waste  heat  exhausted  from  automobile  and  industrial 
plants.  The  reactors  used  were  of  tubular  type.  Aluminum  fins 
were  installed  at  the  outer  part  of  the  tube  to  improve  the  heat 
transfer  characteristics  between  the  air  and  the  reactor  surface. 
At  the  inner  part  of  the  reactor,  mesh  brass  screens  were  used  as 
metallic  structure  to  enhance  the  heat  transfer  rate  in  the  hydride 
bed.  At  the  operating  temperature  of  220  °C/30  °C/18  °C,  4  min 
heating  time  and  7  min  cooling  time,  the  maximum  reported  SCP 
was  about  151  W  per  kg  of  total  hydride  mass  (271  W  per  kg  of 
desorbing  metal  hydride). 

A  solar  assisted  resorption  refrigerator  system  based  on  La0.6Y0.4- 
Ni48Mno.2/LaNi46Mno.3Al01  pair  was  investigated  by  Imoto  et  al. 
[114].  At  the  operating  temperatures  of  140  °C/20  °C/-20  °C  and 
half-cycle  time  of  19  min  (80  %  conversion),  the  reported  thermal 
power  and  COP  were  1860  W  and  0.42,  respectively. 


Ram  Copal  and  Srinivasa  Murthy  [115]  carried  out  experi¬ 
mental  studies  on  a  resorption  cooling  system  working  with 
MmNi45Alo.5/ZrMnFe  pair.  The  metal  hydride  cooling  system 
consisted  of  two  identical  reactors  in  shape  and  size  which  were 
of  tube  and  coil-type.  The  authors  investigated  the  performance 
of  the  heat  pump  at  different  half-cycle  times  (3-12  min)  and 
different  operating  temperatures  (Th=110-130  °C,  Tm= 25-30°  C, 
Ti=  5-15  C).  Depending  upon  the  operating  conditions,  the  specific 
cooling  power  was  found  to  lie  between  30  and  45  W  per  kg  of  total 
hydride  mass  (60  to  90  W  per  kg  of  desorbing  hydride)  and  the  COP 
varied  from  0.2  to  0.35. 

Chernikov  et  al.  [116]  investigated  a  resorption  system  using 
MmNi4  i5Feo.85/LaNi4.6Alo.4  pair  for  simultaneous  production  of 
chilled  water  ( <  4eC),  and  domestic  and  industrial  hot  water 
(50  °C).  The  experimental  test  rig  was  based  on  a  modular 
principle,  each  module  containing  the  high-temperature  and  the 
low-temperature  metal  hydrides  which  were  separated  by  a 
collector  filter  for  hydrogen  transfer.  In  addition,  corrugated 
aluminum  foil  was  used  to  increase  the  heat  transfer  rate  in  the 
hydride  bed.  The  regeneration  process  was  carried  out  by  heating 
the  high-temperature  part  to  200  °C.  Cooling  water  at  10.1  °C  was 
used  as  the  heat  sink.  The  volume  of  the  tank  with  heat  insulation 
for  the  collection  of  chilled  water  was  18  1  and  the  reference 
temperature  of  the  water  was  21.1  °C.  The  system  was  operated 
during  8  half-cycles  of  20  min  each.  At  the  previous  conditions, 
the  average  cooling  power  was  154W  with  an  output  tempera¬ 
ture  of  the  chilled  water  of  1.5  °C.  The  total  heat  consumption  and 
cold  production  were  12.6  MJ  and  1.48  MJ,  respectively. 

A  resorption  system  using  MmNi4 .i5Feo.85/LaNi47Alo.3  was 
investigated  by  Kang  et  al.  [117].  The  reactors  were  of  finned 
tube  type.  At  the  operating  conditions  of  150  C/30  °C/20  °C  and 
20  min  cycle  time,  the  reported  COP  was  about  0.2. 

Willers  and  Groll  [118]  designed  and  tested  a  two-stage  metal 
hydride  heat  transformer  using  LmNi485Sn0.i5  (A),  LmNi449_ 
Coo.iMno.2o5Alo.2o5  (B)  and  LmNi4.o8Coo.2Mno.62Alo.i  (C).  The  heat 
transformer  comprised  three  pairs  of  reactors  (Al/2,  Bl/2,  Cl/2) 
interconnected  in  a  special  “star”-scheme  (Fig.  8,  scheme  2). 


Fig.  8.  Working  principle  of  the  two-stage  metal  hydride  heat  transformer  [118]. 
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The  useful  heat  was  generated  at  Th  by  the  hydrogen  absorption  in 
hydride  Cl,  which  absorbed  hydrogen  released  from  hydride  A2  at 
the  driving  temperature  Td.  Hydride  C2  was  desorbed  at  Td  and  the 
released  hydrogen  was  absorbed  in  hydride  B2.  Finally,  hydrogen 
flowed  from  B1  to  Al  by  desorption  of  B1  at  Td.  Driving  heat  at 
temperature  level  Td  must  be  supplied  three  times,  while  useful  heat 
Qusefui.c  is  generated  only  once.  After  the  first  half  cycle,  the  gas 
valves  were  closed  an  internal  heat  recovery  could  take  place 


Fig.  9.  Opened  reactor  unit  [118]. 


Fig.  10.  Reaction  bed  with  a  copper  band  as  heat  conduction  matrix  [118]. 


between  Al  and  A2,  B1  and  B2,  and  Cl  and  C2.  The  theoretical 
COP  was  about  1/3,  if  thermal  masses  are  neglected.  Each  hydride 
reactor  consisted  of  two  units  containing  a  tube  bundle  of  seven 
cylindrical  reactors  beds  filled  with  the  respective  metal  hydride  and 
arranged  in  a  hexagonal  structure  (Fig.  9).  To  increase  the  thermal 
conductivity  of  the  bed,  a  helical  copper  band  (Fig.  10),  which  is 
helically  soldered  into  the  reactor,  was  used  as  heat  conduction 
matrix.  At  the  operating  conditions  of  190  C/130  “C/40  °C  (Th/Td/Tc), 
the  power  output  was  about  7  kW  which  corresponded  to  a  cycle 
time  of  about  20  min,  i.e.  10  min  for  each  cycle  time. 

Klein  et  al.  [40]  investigated  experimentally  a  two-stage  metal 
hydride  system  with  LmNi491Sno.i5,  LaNi4 1Alo.52Mno.3g  and 
Tio.99Zro.oiV0.43Feo.o9Cro.o5Mn1.5  in  a  cascading  system  as  a  top¬ 
ping  cycle  together  with  a  double-effect  lithium  bromide/water 
system  as  the  bottoming  cycle.  The  system  comprised  six  reactors 
also  interconnected  in  a  “star”  scheme  but  following  a  different 
working  principle.  In  the  first  half-cycle  hydride  Cl  was  desorbed 
at  Td  and  the  released  hydrogen  was  absorbed  in  hydride  Al  at  Tm. 
Heat  for  the  bottoming  cycle  was  generated  at  Th  by  the  hydrogen 
absorption  in  hydride  C2  which  absorbed  hydrogen  released  from 
hydride  B2  at  the  driving  temperature  Td.  Finally,  hydrogen  flowed 
from  A2  to  B1  by  desorption  of  A2  at  Tc  (useful  cold).  After  the  first 
half  cycle,  the  gas  valves  were  closed  and  internal  heat  recovery  could 
take  place  between  Al  and  A2,  B1  and  B2,  and  Cl  and  C2.  Each 
hydride  reactor  consisted  of  four  reaction  beds.  Further  the  hydride 
powder  was  contained  in  Aluminum-foam  cylinders  to  improve  heat 
and  mass  transfer  (Fig.  11).  The  average  cooling  power  of  the  system 
was  about  970  W  while  the  heating  power  for  driving  the  bottoming 
cycle  of  the  cascade  was  1.63  kW.  The  cooling  temperatures  were  in 
the  range  from  2  to  1 6  °C  (Tc),  a  heat  sink  temperature  of  23  °C  (Tm),  a 
temperature  of  the  heat  transferred  to  the  bottoming  cycle  of  100  5C 
(Th)  and  a  heat  driving  temperature  of  330  °C  (Td).  The  coefficient  of 
performance  for  cooling  was  of  0.51  and  for  heat  amplification  of  0.86 

Qin  et  al.  [120]  developed  a  metal  hydride  resorption  air 
conditioner  using  the  La0.6Yo.4Ni4  8Mno.2/  LaNi4  6iMno.26Alo.i3  pair 
which  was  driven  by  the  exhaust  heat  of  an  automobile  engine. 
The  experimental  test  rig  was  composed  of  two  pair  of  reactors  to 
produce  a  quasi-continuous  cold  output.  The  operating  tempera¬ 
tures  were  150  °C/30  °C/ 0  C  and  the  operating  times  were  800  s 
for  pre-heating,  850  s  for  regeneration,  650  s  for  pre-cooling  and 


Fig.  11.  Cross-section  of  a  reaction  bed  [119]. 
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1300  s  for  refrigeration.  The  maximum  cooling  power  was  639  W, 
which  was  achieved  at  the  beginning  of  the  refrigeration  period, 
while  the  average  cooling  power  of  this  period  was  238  W. 
The  average  cooling  power  of  the  whole  cycle  was  84.6  W  and 
the  cooling  power  per  alloy  was  7.7  Wkg-1  (15.4  W  per  kg  of 
desorbing  alloy).  Moreover,  the  reported  COP  was  0.26. 

Ni  et  al.  [121]  also  tested  a  quasi-continuous  metal  hydride 
resorption  air  conditioner  using  the  La0.6Yo.4Ni48Mn0.2/LaNi461 
Mrio.26Alo.i3  pair.  The  system  was  also  driven  by  the  exhaust  heat 
of  an  automobile  engine.  At  the  operating  temperatures  of  150  °C/30- 
32  “C/20  °C,  the  reported  lowest  refrigeration  temperature,  average 
cooling  power  and  COP  were  1.9  C,  244.23  W  and  0.30,  respectively. 

Linder  et  al.  [122]  presented  a  resorption  system  using  the 
Tia99Zro.oiVo.43Feo.o9Cr0.o5Mni.5/LmNi491Sn0.15  pair  for  automo¬ 
tive  cooling.  The  experiments  were  carried  out  using  two  capillary 
tube  bundle  reaction  bed  (Fig.  12)  due  to  its  large  heat  transfer 
surface  and  consequently  expected  short  cycle  times.  At  the 
operating  temperatures  of  130  °C/28  °C/20  °C  and  at  the  optimum 
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Fig.  12.  Cross-section  of  a  capillary  tube  bundle  reaction  bed  1123], 


half-cycle  time  of  about  100-120  s,  the  calculated  specific  cooling 
power  was  about  780  W  per  kilogram  desorbing  metal  hydride. 

A  multi-hydride  thermal  wave  device  for  simultaneous  heating 
and  cooling  was  investigated  by  Willers  et  al  [41  ].  The  process  flow 
diagram  and  the  thermodynamic  cycle  of  the  device  are  illustrated 
on  a  Van’t  Hoff  plot  in  Fig.  13.  The  system  employed  nine  different 
metal  hydrides:  LaNi43Al04Mn0.3  (1),  LaNi4 .^103^^.26  (2),  LaNi45 
Alo.29Mno.21  (3),  LaNi47Sn0.3  (4),  LaNi475Alo.25  (5),  LaNi4g5Alo.i5  (6), 
LaNis  (7),  Lao.555Coo.o3Pto.i2Ndo.295Ni5  (8)  and  Tio.gs  (9).  The  proto¬ 
type  consisted  of  4  reactors  (HT1,  HT2,  LT1  and  LT2)  and  each 
reactor  had  three  reaction  beds.  The  HT  reaction  beds  were  filled 
with  metal  hydrides  1  to  7  and  the  LT  reaction  beds  with  metal 
hydrides  8  and  9.  Moreover,  the  hydride  powder  was  contained  in 
aluminum-foam  cylinders  to  improve  heat  and  mass  transfer 
(Fig.  11).  The  experiments  were  performed  at  235  °C/23  °C/18  °C 
and  with  60  %  of  the  maximum  hydrogen  capacity.  The  overall  time 
was  1 500  s.  The  authors  obtained  a  cooling  power  in  the  range  of 
230  W  (outlet  temperature  10  C)  to  500  W  (outlet  temperature  0  °C) 
with  an  average  of  360  W.  The  COP  during  the  cold  generation  period 
(550  s)  was  about  0.6  for  cooling  and  0.33  for  the  complete  cycle. 


3.  Chemical  Reactions 

3.1.  Description 

The  basic  theory  of  thermal  energy  storage  and  conversion  by 
chemical  reaction  can  be  found  in  [18,125].  Over  the  last  two 
decades,  the  experimental  research  on  chemical  reactions  has 
been  focused  on  the  hydration  and  carbonation  of  metal  oxides. 
These  reactions  are  used  to  store  medium  and  high  grade  heat 
(  >  400  °C).  The  reaction  enthalpy  for  those  reactions  are  typically 
in  the  range  from  80  to  180  kj  mol  l. 

As  in  the  case  of  sorption  processes,  the  main  drawbacks  in 
solid-gas  chemical  reactions  are  the  poor  heat  and  mass  transfer 
performance  in  the  reactive  bed  and  the  low  thermodynamic 
efficiency  of  the  basic  cycle  (reactor  temperature  swing),  which  is 
critical  for  continuous  operation.  So  far,  the  main  research  direction 
on  chemical  reaction  heat  pumps  has  been  focused  on  improving 
the  performance  of  the  system  by  improving  the  design  of  the 
reactor  and  heat  exchanger  and  by  using  composite  materials. 

3.2.  Specific  Reactants 
3.2 A.  Hydroxides 

Kato  et  al.  [126]  developed  a  chemical  heat  pump  based  on  the 
hydration  and  dehydration  of  MgO/Mg(OH)2.  The  chemical  heat 
pump  is  intended  to  recover  waste  heat  from  the  exhaust  gas  of 
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Fig.  13.  Multi-hydride  thermal  wave  scheme  on  the  van  Hoff  diagram  [124]. 
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combustion  engines  (gas  and  diesel,  such  as  cogeneration 
systems,  vehicles,  fuel  cells,  micro-gas  turbines,  etc.)  at  around 
250-400  °C  and  to  produce  heat  at  around  100-250  °C  with  a 
water  vapor  pressure  lower  than  400  l<Pa  [127],  The  reactants 
used  in  the  experiments  were  MgO  made  from  ultra-fine  particles 
with  high  purity  and  purified  water  because  studies  [128-130] 
showed  that  MgO  had  enough  reactivity  and  high  durability  to 
repetitive  reaction  cycle.  Kato  et  al.  [131]  obtained  a  mean 
heating  power  of  1 1 9  W  kgsa|’t  during  the  initial  60  min,  when 
the  operating  temperatures  were  400  °C/30-200  C/121  °C.  In  a 
later  study  [127],  a  carbon  fiber  sheet  fin  was  used  for  thermal 
conductivity  enhancement  in  the  packed  bed.  The  reported  mean 
heating  power  was  49Wkgsai1t  at  temperatures  of  150-160  °C 
during  the  initial  100  min,  when  the  initial  bed  temperature  was 
120  C,  the  evaporator  temperature  was  85  °C  and  the  Mg(OH)2 
was  previously  dehydrated  at  430  °C.  Kato  et  al.  [132]  and  Ryu 
et  al.  [133]  also  showed  that  when  the  Mg(0H)2  was  mixed  with 
Ni(0H)2  or  Co(OH)2  at  atomic  level,  the  new  material  was  able  to 
store  heat  at  lower  temperatures  (200-300  °C),  at  which  pure 
Mg(0H)2  could  not  be  dehydrated.  Further  research  was  carried 
out  by  Kim  et  al.  [134]  on  the  composite  material  made  of 
expanded  graphite  and  magnesium  hydroxide  to  enhance  the 
thermal  conductivity  and  reactivity  of  magnesium  oxide/water 
chemical  heat  pump.  In  addition,  calcium  chloride  was  also 
introduced  into  the  mixture  of  expanded  graphite  and  Mg(OH)2 
to  ensure  smooth  diffusion  of  vapor  in  materials  and  enhance  fit 
ability  between  expanded  graphite  and  Mg(0H)2.  The  composite 
material  showed  a  higher  reactivity  than  pure  Mg(0H)2. 

Ogura  and  Mujumdar  [135]  proposed  a  chemical  heat  pump 
dryer  (CHPD)  based  on  the  hydration  and  dehydration  of  CaO/ 
Ca(0H)2.  The  proposed  CHPD  consists  of  two  chemical  heat 
pumps  (CHP),  both  based  on  the  same  chemical  reaction.  The 
pumps  produced  hot  air  for  the  drying  room  by  using  the  heat 
released  from  the  reaction  or  from  the  condensation  of  water 
(Fig.  14).  The  two  CHPs,  1  and  2,  operate  concurrently  in  the  heat 
enhancement  mode.  In  Fig.  14,  CHP1  is  in  the  heat  storing  step 
(charging,  Th  >  594  °C  and  Tm  ^150  °C),  while  CHP2  is  in  the 
heat  releasing  step  (discharging,  Tm=  360  C  and  Tl  =  20  C).  After 
every  hour  or  so,  the  two  heat  pumps  swap  operating  steps.  Ogura 


et  al.  [137]  experimentally  evaluated  the  performance  of  the 
chemical  heat  pump  for  the  hydration  reaction,  i.e.  CHP2  in 
Fig.  14.  The  experiments  were  performed  in  a  multi  tray  packed 
bed  reactor  and  each  tray  had  radial  fins  for  heat  transfer 
enhancement.  At  the  evaporation  temperature  of  20  C  and  initial 
air  temperature  of  27  °C,  the  outlet  air  temperature  from  the  heat 
exchanger  achieved  a  maximum  temperature  of  1 87  °C  rapidly 
and  then  decreased  gradually  to  47  °C  after  600  min.  The  reported 
average  heating  power  was  2.86  kW  (477  W  ■  kgsa/t)  for  30  min 
operation  while  1.77  kW  (295  W  ■  kg^/t)  for  60  min  operation. 
Further  studies  by  Ogura  et  al.  [136,138]  were  focused  on  the 
controllability  of  the  output  characteristics  of  the  CHP.  The 
experiments  were  carried  out  at  different  operating  temperatures 
for  the  heat  storing  step  (Th=550-770  °C  and  Tm=77  °C)  and  for 
the  heat  releasing  step  (T1=5-20  °C).  In  the  heat  storing  step,  the 
authors  found  that  heat  at  77  DC  can  be  generated  in  the 
condenser  even  when  the  dehydration  temperature  is  as  low  as 
550  °C  (30  %  conversion  after  170  min).  On  the  other  hand,  in  the 
heat  releasing  step,  the  authors  found  that  heat  at  above  127  °C 
can  be  generated  in  the  reactor  even  when  the  evaporator 
temperature  was  at  5  °C.  Finally,  they  concluded  that  the  CHP 
can  be  controlled  by  operating  temperature  and  pressure  control 
of  the  chemical  reactions. 

Cerkvenik  et  al.  [139]  tested  a  refrigeration  chemical  heat 
pump  based  also  on  the  reversible  hydration  of  CaO.  The  system 
was  also  proposed  as  a  topping  cycle  of  a  gas-driven  cascading 
sorption  cooling  device  [140].  CaO  was  combined  with  expanded 
graphite  by  a  suspension  method.  The  mixture  was  then  dried  and 
pressed  into  the  desired  form.  To  increase  the  mass  transfer  of  the 
reactive  block,  three  vapor  channels  were  made  in  the  graphite 
matrix.  The  average  SCP  was  about  50  kWh  when  the  cycle  time 
was  limited  to  1000  s  (70  %  conversion)  at  the  water  vapor 
pressure  of  0.75  kPa  (typical  value  for  refrigeration)  and  hydra¬ 
tion  temperature  of  200  °C.  Moreover,  the  effect  of  three  vapor 
channels  was  compared  with  a  study  carried  out  by  Depta  [141] 
in  which  only  one  vapor  channel  was  used.  At  the  hydration 
temperature  of  200  °C  with  a  water  vapor  pressure  of  1.5  kPa,  the 
authors  found  that  the  cycle  time  with  three  vapor  channels  was 
about  four  times  higher  than  with  one  vapor  channel. 


[CHP  I  Heat  Storing  Step]  [CHP2  Heat  Releasing  Step] 

Reactor  Reactor 


Fig.  14.  Schematic  diagram  of  the  CaO/H20/Ca(OH)2  CHPD  system  [135]. 


Table  1 

Summary  of  the  thermal  performance  of  the  chemical  heat  pumps  based  on  sorption  process  between  inorganic  salts  and  ammonia  over  the  last  two  decades. 


Reagents 

Additive 

Mass  (kg) 

Th/  Tm/  Tc 

SCP 

(wkg-1) 

SHP(wkg-’) 

Time  (min) 

COP (COPA) 

Authors 

Year 

Application 

Half-cycle 

cycle 

BaCl2/  MnCl2 

EG  (35  %) 

3.27/  3.96 

195/  50/  25 

300b 

320 

25 

- 

0.35 

Lepinasse  et  al.  [65] 

1993 

Refrigeration 

BaCl2/  NiCl2 

EG  (35  %) 

0.10/  0.13 

-1-401  0 

396b 

- 

15 

- 

- 

Goetz  et  al.  [69] 

1996 

Refrigeration 

SrCl 2/  CoCl2 

EG  (49  %/  41%) 

0.17/  0.27a 

240/  7.5/  -4 

145 

- 

- 

- 

0.25 

Llobet  and  Goetz  [76] 

2000 

Refrigeration 

MnCl2/  NiCl2 

EG 

26.5/  27a 

280/  10/ -5 

29 

- 

- 

- 

0.21 

Nevau  et  al.  [77] 

1992 

Refrigeration 

SrBr2/  NiCl2 

EG 

2.35/  0.89a 

340/  8/ -4 

134 

- 

- 

- 

0.38 

Wagner  [78] 

1996 

Refrigeration 

BaCl2 

- 

1 

95-70/  23/ 

- 

- 

90 

- 

- 

Rivera  et  al.  [99] 

2007 

Refrigeration 

BaCl2/  MnCl2 

EG  (37  %) 

0.23/  0.27 

180/  30/  10 

140 

0.64 

Li  et  al.  [60] 

2009 

Refrigeration 

BaCl2/  MnCl2 

EG  (50  %) 

- 

180/  30  25/  10 

301 

- 

60 

- 

0.62 

Li  et  al.  [67] 

2009 

Refrigeration 

BaCl2/  MnCl2 

EG  (50  %) 

- 

180/  30  25/  10 

- 

- 

150 

0.64 

Li  et  al.  [68] 

2010 

Refrigeration 

CaCl2 

AC  (25  %) 

2x1 .88a 

100/  25/  — 15 

731 

- 

50 

0.41 

Wang  et  al.  [81] 

2006 

Icemaker 

CaCl2 

AC  (25  %) 

2x1 .88a 

113.7/  30/ 

528 

- 

- 

70 

0.26 

Lu  et  al.  [83] 

2006 

Icemaker 

CaCl2 

AC  (25  %) 

2x1 .88a 

82.4/  30/ -15.2 

161 

24 

0.12 

Lu  et  al.  [83] 

2006 

Icemaker 

CaCl2 

AC  (25  %) 

2x1 .88a 

126/  27/ -7.5 

325 

- 

36 

0.2 

Lu  et  al.  [82] 

2007 

Icemaker 

CaCl2 

AC  (25  %) 

7.4 

160/  10/  — 18.9 

486 

- 

20 

0.27 

Li  et  al.  [84] 

2007 

Icemaker 

CaCl2 

AC  (25  %) 

7.4 

145/  30/-19.5 

435 

- 

~36 

0.25 

Li  et  al.  [85] 

2008 

Icemaker 

CaCl2 

AC  (25  %) 

7.4 

103/  30/ -19.5 

228 

- 

~27.5 

0.14 

Li  et  al.  [85] 

2008 

Icemaker 

CaCl2 

EG  (50  %) 

0.23 

135/  35  20/  —  1 1 

1500 

- 

- 

- 

0.35 

Oliveira  et  al.  [36] 

2007 

Icemaker 

CaCl2 

EG  (35  %) 

- 

97/  30/- 18.3 

255 

40 

- 

Oliveira  et  al.  [35] 

2007 

Icemaker 

CaCl2 

EG  (25  %) 

2x33.75 

110.6/  25/-15 

303 

- 

- 

25 

0.32 

Xia  et  al.  [86] 

2008 

Refrigeration  (icemaker) 

LiCl 

EG  (50  %) 

0.083 

80/  25/ -5 

1 17b 

30 

0.47 

Kiplagat  et  al.  [100] 

2009 

Icemaker 

SrCl2 

EG  (35  %) 

- 

- 

738 

- 

- 

- 

0.435 

Chen  et  al.  [101] 

2010 

Icemaker 

CaCl2 

EG  (25  %) 

2x33.75 

140/  25/  — 15 

422 

- 

25 

0.27 

S.L.  Li  et  al.  [87] 

2010 

Refrigeration  (icemaker) 

PbCl2/  MnCl2 

EG  (35  %) 

0.62/  0.33 

150/  20/  20 

(47  )c 

- 

120 

- 

- 

Lepinasse  et  al.  [70] 

2001 

Cooling  a  88  L  box 

BaCl2 

EG  (56  %) 

38.1 

- 

- 

- 

- 

1440 

0.031 

Le  Pierres  et  al.  [97] 

2007 

560  1  cold  box  (-30  °C) 

NH4C1/  MnCl2 

EG  (20  %) 

0.32/  0.74 

165/  AT/  AT 

43/  11-18 

- 

180 

- 

- 

Bao  et  al.  [72] 

2011 

Cooling  and  freezing  a  33  L 

box 

MnCl2 

EG  (37  %) 

- 

180/  25/  -30 

350 

- 

30 

0.34 

Li  et  al.  [37] 

2009 

Deep-freezing 

NaBr 

EG  (50  %) 

0.11 

65/  30/  15 

129b 

- 

40 

- 

0.46 

Oliveira  et  al.  [74] 

2008 

Air  conditioning 

NaBr /  MnCl2 

EG  (35  %) 

0.05/  0.08 

165/  30  70/  10 

- 

- 

45 

0.21  (1.11) 

Oliveira  et  al.  [74] 

2008 

Air  conditioning 

BaCl2 

EG 

- 

80/  30/  15 

192 

- 

- 

- 

0.5 

Chen  et  al.  [98] 

2009 

Air  conditioning 

NH4CI/  MnCl2 

EG  (33  %) 

0.08/  0.15 

140/  30  75/  0 

(1.12)4 

(3.04) 

360 

720 

0.35  (1.3) 

Xu  et  al.  [73] 

2011 

Heat  &  cold 

CoCl2 

AC  (30  %) 

1.7 

- 

(235)e 

- 

- 

- 

- 

Aidoun  and  Ternan  [103] 

2002 

Heat  &  cold 

CaCl2 

Busofit (70  %) 

1.07 

1 20/50/— 1 8 

- 

- 

- 

25-30 

0.43 

Vasiliev  et  al.  [91] 

2001 

Refrigeration 

BaCl2  +  NiCl2 

Busofit  (50  %/  48  %) 

0.55 

240/50-/18 

- 

- 

- 

60 

0.44 

Vasiliev  et  al.[94] 

Chilled  water  &  steam 

BaCl2  +  MnCl2  +  NiCl2 

Busofit 

- 

230  -180- 

- 

- 

- 

- 

0.41 

Vasiliev  et  al.  [94]  Aristov  and 

2003 

Chilled  water  &  steam 

901-1- 

Vasiliev  [95] 

BaCl2  +  MnCl2  +  NiCl2 

Busofit 

- 

450-400- 

- 

- 

- 

- 

0.62 

Vasiliev  et  al.  [94]  Aristov  and 

2003 

Chilled  water  &  steam 

96/-/- 

Vasiliev  [95] 

CaCl2/  MnCl2 

EG  (50  %/  40  %) 

- 

150/120/40 

- 

248 

50 

0.25 

Wang  et  al.  [75] 

2010 

Heat  transformer 

LiCl /  MgCl2 

Metal  foam 

1.8/  1.8a 

200/  155  200/ 

- 

222 

40 

- 

0.11 

Haije  et  al.  [39] 

2007 

Heat  transformer 

LiCl /  MgCl2 

Metal  foam 

1.2 /  2.49a 

130/  80  130/  20 

_ 

120 

60 

_ 

_ 

van  der  Pal  et  al.  [42] 

2009 

Heat  transformer 

CaCl2 

3 

- 

- 

- 

- 

- 

1.2-2f 

Fadhel  et  al.  [88] 

2010 

Drying 

NiCl2 

EG 

- 

300/  -200/- 

- 

- 

- 

- 

0.17 

Cerkvenik  et  al.  [102] 

2009 

Topping  cycle 

Th  is  the  heat  source  temperature  (°C),  Tm  is  the  heat  sink  or  condensing  temperature  (°C)  and  Tc  is  the  cooling  or  evaporating  temperature  (°C).  SCP  is  the  average  specific  cooling  power  (W  per  kg  of  desorbing  composite 
material)  and  SHP  is  the  average  specific  heating  power  (w  per  kg  of  absorbing  composite  material). 
a  Mass  of  the  anhydrous  salt. 
b  w  per  kg  of  desorbing  salt. 
c  kWh  per  m3. 

d  MJkg-1day-1  (kg  of  absorbing  composite). 
e  kW  per  m3  (peak  power). 

f  heating  performance  for  the  integrated  chemical  heat  pump  with  solar  collector  and  storage  tank. 
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3.2.2.  Carbonates 

Kato  et  al.  [142-145]  also  developed  a  double  reactor  type  of 
heat  transformer  based  on  the  reversible  carbonation  of  calcium 
oxide  (CaO)  and  lead  (II)  oxide  (PbO)  via  carbon  dioxide  (C02). 
This  chemical  heat  pump  was  developed  to  store  heat  in  the  CaO 
reactor  from  a  high  temperature  process  (e.g.  >  860  °C)  and 
upgrade  it  to  higher  temperatures  (e.g.  >  900  °C)  for  a  gas  turbine 
generator.  In  addition,  the  heat  released  during  heat  storing  step 
from  the  carbonation  of  PbO  could  be  used  as  the  heat  source  of  a 
steam-turbine.  The  authors  obtained  a  mean  heating  power  of 
238  W  kgsa/t  at  temperatures  of  925-990  °C  during  the  initial 
60  min  of  the  heat  releasing  step,  when  the  dehydration  was 
carried  out  at  900  °C  and  30.4  kPa  (  >  460  C),  and  the  hydration 
at  304  kPa  with  an  initial  bed  temperature  of  900  C. 


4.  Conclusions 

This  paper  presented  a  state-of-the-art  review  of  the  current 
experimental  research  on  chemical  sorption  (chemisorption) 
process  and  chemical  reactions  based  on  solid-gas  systems  for 
thermal  energy  storage  and  conversion.  Tables  1-4  give  a  sum¬ 
mary  of  the  experimental  thermal  performances  under  practical 
conditions  obtained  by  the  different  prototypes  built  over  the  last 
two  decades.  These  results  are  a  merely  indication  of  the  effi¬ 
ciency  and  power  of  such  systems  and  should  not  be  compared  as 
they  are  obtained  under  different  working  conditions. 

Refrigeration  technologies  based  on  metal  salts  and  ammonia 
has  progressed  considerably  over  the  last  twenty  years.  Consoli¬ 
dated  composite  materials  have  shown  their  potential  to  increase 
the  cooling  performance  and  currently,  specific  cooling  powers 
over  700  W  per  kilogram  of  desorbing  materials  were  reached  by 
some  ice  making  prototypes. 

Recently,  Linder  et  al.  [122]  also  obtained  a  SCP  as  high  as  780 
W-  kg-1  with  a  metal  hydride  air  conditioner  prototype  that  used 
a  capillary  bundle  reactor  to  increase  the  heat  transfer  rate. 
However,  generally,  the  SCP  obtained  with  the  experimental 
prototypes  using  metal  hydrides  is  much  lower  than  that 
obtained  with  salt  ammoniates.  Muthukumar  and  Groll  [25]  have 
also  pointed  out  the  use  of  composite  materials  and  advanced 
cycles  concepts  as  future  research  lines  to  increase  the  efficiency 
and  reduce  the  cost  of  these  systems. 

By  contrast,  the  reported  experimental  COP  for  the  current 
prototypes  is  still  low,  usually  raging  from  0.2-0.65.  According  to 
Meunier  [17]  in  order  to  reduce  the  contribution  of  a  sorption 
system  to  the  greenhouse  effect  with  respect  to  compression 
system,  the  cooling  COP  should  be  at  least  equal  to  1.  Although, 
sorption  heat  pumps  with  a  COP  of  less  than  1  may  be  recom¬ 
mended  if  they  use  renewable  energy  sources. 

The  research  on  chemical  sorption  process  and  chemical 
reactions  for  heating  applications  was  less  than  for  cooling 
applications,  and  was  mainly  related  to  chemical  reactions. 
However,  in  the  past  few  years,  new  working  pairs  appeared  for 
chemical  sorption  systems.  The  current  research  direction  is  also 
focused  to  demonstrate  the  feasibility  of  these  technologies  under 
practical  conditions  by  improving  the  heat  and  mass  transfer  in 
the  solid  bed.  So  far  the  specific  heating  powers  of  the  current 
system  are  in  the  range  from  100  to  300  W  kg-1. 

Therefore,  the  main  research  direction  for  future  research  can 
be  summarized  in  the  following  points: 

•  Although  researchers  obtained  promising  experimental  results 
with  consolidated  composite  materials,  improvements  on  heat 
transfer  often  results  in  a  deployment  of  mass  transfer  [23,28]. 
In  cases  of  low  operating  vapor  pressures  (water,  methanol), 
the  reactor  requires  of  a  short  mass  transfer  path  (thickness) 
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material)  and  SHP  is  the  average  specific  heating  power  (w  per  kg  of  absorbing  composite  material). 
a  highest  specific  cooling  power  (w  per  kg  of  Na2S). 
b  kw  per  m3. 


Table  3 

Summary  of  the  thermal  performance  of  the  metal  hydride  heat  pumps  over  the  last  two  decades. 


Metal  hydrides 


Mass  (kg)  Th/  Tm/  Tc  SCP(wkg  *)  SHP(wkg  1)  Time  (min)  COP  (COA)  Authors 


Year 


Cooling  cycle  Whole  cycle  Cycle  Half-cycle 


Zro.g  Tio.iCro.6Fci  4/  Zro.9Tio.1Cro.9Fe1 1 

2.5/2 

200/30/18 

- 

151 

_ 

_ 

12- 

_ 

Lee  et  al.  [113] 

1996 

LaNi4.6Mno.3Alo.  1  /  Lao.6Yo.4N i4.8Mn0.2 

90 

140/  20/  — 15 

80a 

41 

- 

- 

-19 

0.42 

Imoto  et  al.  [114] 

1995 

MmNi4.5Al0.5/  ZrMnFe 

0.8/  0.7 

130-110/  25-30/  5-15 

60-90 

30-45 

- 

3-12 

- 

0.2-0.35 

Gopal  and  Murthy  [115] 

1999 

Thermal  wave 

- 

235/  33/  18 

20a 

10a 

- 

- 

25 

0.33 

Willers  et  al.  [41] 

1999 

LaNi4.7Alo.3Z  MmNi4.15Feo.85 

4.5/  5.7 

140/  30/  20 

- 

- 

- 

10 

20 

0.2 

Kang  et  al.  [117] 

1996 

LmNi4.85Sno.15/  LmNi4.49Coo.1Mno.205Alo.205/  LmNi4.o8Coo.2Mno.62Alo.i 

70/  70/  70 

190/  130/  40 

- 

- 

- 

10 

20 

- 

Wilier  and  Groll  [118] 

1999 

MmNi4.15Feo.85/  LaNi4.6Alo.4 

1.5/  1.5a 

130/  25/  1.5a 

- 

100a 

- 

20 

- 

0.33 

Chernikov  et  al.  [116] 

2002 

LaNi41Alo.52Mno.38/  LmNi4.91Sno.15/  Tio.ggZro.oiVo.43Feo.o9Cro.o5Mni.5 

15.7/  14.8/  14.4 

330/  100  23/  16-2 

- 

- 

- 

- 

- 

0.51  (0.86) 

Klein  et  al.  [40] 

2007 

Lao.6Yo.4Ni4.8Mno.2Z  LaNi4.6i  Mn0.26Alo.i  3 

5.5/  5.5 

150/  30/  0 

- 

15.4 

- 

- 

60 

0.26 

Qin  et  al.  [120] 

2007 

Lao.6Yo.4Ni4.8Mno.2Z  LaNi4.6iMno.26Alo.13 

5.5/5.5 

130/30  32/20 

- 

44.4 

- 

- 

64 

0.3 

Ni  and  Liu  [121] 

2007 

Ti0.99Zr0.01V0.43Fe0.09Cr0.05Mn!. 5/  LmNi4.g1Sno.15 

0.9/  0.9 

130/  28/  20 

780 

- 

- 

2.15 

- 

- 

Linder  et  al.  [122] 

2010 

Th  is  the  heat  source  temperature  (°C),  Tm  is  the  heat  sink  temperature  (°C)  and  Tc  is  the  cooling  temperature  (°C).  SCP  is  the  average  specific  cooling  power  (W  per  kg  of  desorbing  material). 
a  According  to  Muthukumar  et  al.  [25]. 


Table  4 

Summary  of  the  thermal  performance  of  the  chemical  heat  pumps  based  on  solid-gas  chemical  reactions  over  the  last  two  decades. 


Reagents 

Additive 

Mass  (kg) 

Th/  Tm/  Tc 

SCP  (w  kg  1) 

SHP  (wkg-1) 

Time 

Half-cycle 

Cycle 

COP  (COPA) 

Author 

Year 

Application 

Mg(OH)2/MgO 

_ 

0.052 

400/30  145/121 

_ 

119 

60 

_ 

- 

Kato  et  al.  [131] 

2005 

Heat  amplifier 

Ca(OH)2/CaO 

- 

- 

>594/150  360/20 

- 

295 

60 

- 

- 

Ogura  et  al.  [137] 

2001 

Drier 

Ca(OH)2/CaO 

EG  (50%) 

0.0187 

440/3  200/3 

225 

- 

17 

- 

- 

Cerkvenik  et  al.  [139] 

2002 

Refrigeration 

CaC03/CaO  +  PbC03/PbO 

- 

1/- 

900/300  900/460 

- 

225b 

60 

- 

- 

Kato  et  al.  [145] 

2001 

Turbine 

Th  is  the  heat  source  temperature  (9C),  Tm  is  the  heat  sink  or  condensing  temperature  (9C)  and  Tc  is  the  cooling  or  evaporating  temperature  (9C).  SCP  is  the  average  specific  cooling  power  (W  per  kg  of  material)  and  SHP  is  the 
average  specific  heating  power  (W  per  kg  of  material). 
b  Calculated  from  experiments. 
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and  large  number  of  mass  transfer  channels  which  reduces 
power  output  per  volume  of  reactor  [26,28,46].Therefore, 
research  efforts  are  needed  towards  developing  advanced  com¬ 
posite  materials  with  good  heat  and  mass  transfer  and  develop¬ 
ment  of  advanced  designs  and  configuration  for  reactor  and  heat 
exchanger. 

•  Testing  and  developing  advanced  cycles  designs  to  improve 
the  COP,  towards  1  or  further.  In  addition,  cascading  cycles  can 
be  used  to  improve  the  efficiency  of  the  current  commercial 
absorption  devices.  The  chemical  sorption  or  reaction  heat 
pump  is  used  as  the  topping  cycle  as  it  can  be  driven  at  higher 
temperature  than  the  absorption  devices. 

•  Perform  long-duration  test  to  study  the  durability  and  stability 
of  the  material.  According  to  Wang  et  al.  [48]  problems  of 
expansion,  decomposition,  deterioration  and  corrosion  in  the 
chlorides  salts-ammonia  systems  are  the  main  drawback  for 
its  widespread  utilization. 

•  Built  and  test  larger  scale  prototypes  (more  modules  or  larger 
reactors)  to  prove  the  same  SCP  or  SHP  and  COP  as  with  the 
current  prototypes  (small-scale). 

•  Intensification  of  the  experimental  research  on  chemical 
sorption  process  and  chemical  reaction  systems  for  heating 
applications  as  the  scope  for  its  application  is  very  wide, 
especially  for  chemical  reactions.  The  potential  of  chemical 
reaction  heat  pump  systems  lies  on  the  fact  that  they  work  at 
very  high  temperatures  which  no  other  commercial  heat  pump 
can  reach. 

•  Although,  the  research  for  short  or  long  term  thermal  storage 
is  in  the  early  stage,  only  few  experiments  have  been  carried 
out  for  short  discharging  periods.  More  experiments  are 
required  to  demonstrate  the  feasibility  for  short  and  long  term 
heat  storage. 

•  Finally,  another  important  point  for  its  application  is  that  these 
technologies  are  operated  under  a  variable  waste  heat  tem¬ 
perature.  Therefore,  a  control  strategy  of  these  systems  should 
be  optimized  in  order  to  obtain  a  high  efficiency  [20]. 

Although  much  more  research  efforts  are  needed  to  bring 
these  technologies  to  the  market,  the  advanced  technology 
development  have  been  reflected  on  the  experimental  results. 
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